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In all experiments involving polarized beams or/and targets, the determination of the degree of
polarization by asymmetry measurements is of prime importance. Over the years, so-called an-
alyzing powers were extracted, e.g., for various reactions for well-defined beam/target polariza-
tions as a function of the reaction energy. Reciprocally, the polarization can be deduced precisely
from measured asymmetries if the analyzing power is known. In practice, the task may become
complicated by the required unambiguous identification of the reaction channel. In cases where
the statistics are limited, such as, e.g., in the planned EDM (Electric Dipole Moment)-search
for charged particles in storage rings, polarimetry becomes a real challenge. In this overview,
different aspects of possible polarimetry concepts, the efficient reaction selection, and the quasi
non-invasive scattering targets will be discussed. Also, the recent progress achieved by the JEDI

collaboration using polarized deuteron beams of COSY-Jiilich will be presented.
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1. Introduction

The JEDI (Jiilich Electric Dipole moment Investigations) collaboration [1] is formed with the
aim to search the EDM (Electric Dipole Moment) of the elementary charged hadrons like protons
and deuterons. The COoler SYnchrotron (COSY) [2] is ideally suited for the first steps toward
storage ring EDM search. It can be successfully used for the protons beam polarization and is
currently intensively utilized for the deuteron beam polarization study. During last several years,
a significant breakthrough has been made using COSY. A new method has been developed for a
continuous determination of the spin tune in COSY and implications for precision experiments
were investigated [3]. It was demonstrated to have extremely stable spine tune in the orders of
10~1° during 100 second accelerator cycles. In the consequent study, the record results of in-plane
polarization lifetime with 970 MeV /¢ deuterons in the COSY ring has been reached [4]. Equipping
the COSY with the feedback loop between the polarimeter and the spin precession driver devices
(like RF solenoid or RF cavity) brought us to a new level where the beam polarization vector phase
can be locked [5] for the certain value. Stabilizing the spin tune in the storage ring and measuring
it with the unprecedented stability brought us to map a spin tune to probe the spin dynamics in
storage rings [6]. Starting from 2017 we installed the dedicated waveguide, RF Wien Filter [7],
specifically designed for the EDM search in the COSY ring. RF Wien Filter measurement will lead
us to first precursor EDM measurement [8] where the method will be the "partially frozen spin”
effect [9].

2. Polarimeter
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Figure 1: EDDA detector consists of the longitudinaly overlapping three angular plastic scintillator bars and
transverse half rings. In EDM search only the colored part of the detector is used.

All the above-mentioned measurements were done using two none EDM dedicated detector
systems. The EDDA detector depicted in the picture 1 and described in [10, 11]. The original
purpose of the detector was very different from EDM dedicated detector. But it was beneficial
for its simplicity and was adopted for measurements. The trigger for the measurement has been
newly developed, and it was the combination of both layers summed and grouped for up, down,
left and right hits. The polar angular coverage was only 9 to 13 degree and full azimuthal coverage
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which nicely covers strong analyzing power range for deuteron carbon scattering around 250 MeV
kinetic energy [12]. Each trigger output (up, down, left and right) has been read with dedicated
time stamping TDC, and in the same system, the accelerator RF cavity and RF solenoid signals
were also monitored. All this analysed with dedicated online software tools give the experiment
unprecedented flexibility to manipulate beam polarization and monitor it in the real time. The dis-
advantage of this system is mainly its restricted acceptance for the dC reaction, the geometrical
configuration of the plastic scintillating bars and due to old readout electronics, the reaction identi-
fication is not permanently monitored. Nevertheless, the results of the measurement were perfectly
suited for the first phase of the experiments.

Due to the fact that former WASA [13] detector has been decommissioned from its original
experimental program at COSY, we have modified it as a polarimeter. The only part of the complete
detector which is interesting for the forward elastic scattering is shown in figure 2. Also, we have
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Figure 2: WASA as an polarimeter: (1)Target chamber; (2) Window counter; (3) Straw tubes; (4) Trigger
hodoscope; (5) Range hodoscope;

modified its target section, and instead of frozen pellet target, we have modified target chamber
with much bigger and universal vacuum flange. The same flange will be used for the EDM search
dedicated polarimeter which is described later. In this chamber, we are using former ANKE strip
targets, 25 um thick diamond and polyethylene targets. This was used to measure analyzing powers
for deuteron carbon elastic scattering between 4° <+ 17° of forward angle for seven different energies
starting from 170 <+ 370 MeV and for pure vector, and tensor polarized beams. The polyethylene
target will be used for the cross-section normalization for its hydrogen content. The vertical block
target is also employed in a very similar way as we use at EDDA detector. The beam is vertically
expanded using the white noise where the amplitude is proportionally moduled depending on count
rate in the detector. This way the smooth beam extraction is guaranteed. The benefit of the former
WASA system is its large ® coverage ~ 3 + 17 degrees and full ¢ coverage. The thick five layer
range hodoscopes are capable of stopping deuterons and protons above 400 MeV kinetic energy.
This makes reaction identification very comfortable. It is also equipped with sampling ADC and
very sophisticated straw tube tracking system.

Based on all acquired experience, we are developing the new concept [14, 15] for the dedicated
polarimeter for storage ring EDM search. The general principle is to have very efficient, flexible
and reliable system for the future experiments. For this purpose, we have postulated several re-
quirements:
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e Precise reaction identification.
e Reliable functionality, short as well as long-term stability.
e Using modern electronics, we can eliminate dead time.

e Using novel scintillating material LYSO [20], we don’t use strong magnetic fields for mo-
mentum measurement.

e The readout of scintillators is done using modern multi-pixel silicon photomultiplier arrays
[18, 19], which eliminates high-voltage too.

e In front of crystals, we are testing plastic scintillating triangular bars for the dE and x,y
sensitive tracking system. Also read out using SiPM’s.

e We are developing innovative ballistic pellet target to have good vertex reconstruction and
being quasi-non-invasive.

Up to now, only the carbon is considered as a scattering target material. It has good analyzing power
for the elastic scattering and is ultra-high vacuum (UHV) compatible. One of the critical issue to
explore is to compare different UHV compatible isotopes to optimize polarimeter efficiency. Figure
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Figure 3: JEDI polarimeter. Left to right: Target flange where the beam position monitor Rogowsky coils
and the ballistic pellet target will be mounter. In the middle part, the vacuum flight chamber with removable
degrader will be installed. Next, the X, Y position sensitive plastic three angular bars (4 c¢m total thickness)
are mounted. Finally, the detector part equipped with 8 cm long LY SO [20] crystals are assembled.

3 shows the technical drawing of the storage ring dedicated polarimeter. Figure 4 shows the existing
52 module setup at the beam position. The detector arms are sitting with 45¢ degree inclination. In
front of each arm, 2 cm thick plastic scintillator detector is mounted read with eight 6 x 6 silicon
photomultipliers.
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Figure 4: The detector part of JEDI polarimeter in the beam line at the external beam of COSY, inside the
Big Karl experimental area.

Using this setup, we have tested all modules and did full energy and time calibration [16].
Using target weel, seven different target materials (Carbon, Polyethylene, Magnesium, Aluminum,
Silicon, Nickel, and Tin) have been examined.

3. DAQ and online analysis

The significant part of the polarimeter is its sophisticated readout dead-time less system based
on modern sampling ADC. The entire readout electronics is equipped with well established fast 250
MS/s 14 bit ADC from Struck [17] with a synchronised clock between modules and high-speed
network readout 1 GBit/s per module (16 channels). For the last experiment, six modules have
been used. In final setup, about ten modules, 160 channels will be directly read by the dedicated
powerful server computer which is already in use. The multi CPU, each with multicore Intel Xeon
server with Linux based system is employed to store and analyse online and offline data. Each
signal has its time stamp and is divided into eight different integrals, done directly in the module
onboard FPGA chip. This reduces the amount of data transfer from several thousand samples to
just eight integrals in precisely chosen areas respective to an individual threshold for each channel.
Two integrals are pre-trigger, used for pedestal subtraction as well as for the pre-signal detection.
The case if previews signal is not fully gone and its tail is still affecting the current pedestal. Rest
six integrals are fully integrating the charge generated by 8 x 8 SensL [18] SiPM array equipped
with 3 x 3mm? with 20um pixels in total about 900k pixels per module. Figure 5 shows the system
architecture how signals propagate from a detector to the online analysis computer. For the clean
event selection, the two-dimensional histograms are filled, the energy loss into plastic scintillators
versus deposited energy into the crystals. Figure 6 shows the typical picture how the elastic events
are extracted. Different traces are also explained, there are three groups of events. Non-elastic
deuterons are scattered elsewhere by losing a substantial amount of energy. Other groups of events
are protons, and neutrons resulting break-up reaction on target and the horizontal line along the
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Figure 5: Data acquisition system for dedicated polarimeter. The connection between the experimental area
and the detector is with 10 Gbit /s optical link.

elastic peak are events which were identified as the deuteron before the crystal, and it breaks inside
the crystal. The efficiency of this events are measured as a function of the incoming deuteron
energy and is reported [16].

4. Summary

As a summary, we would like to demonstrate the online measurement figure 7 which is a potent
tool for the real-time polarization monitoring system. Here the results of left and right arms are
shown for the solid 5 mm thick carbon (graphite) target. Left frame shows the stacked histogram
of the real detector hits where the statistic for the inner crystals is significantly higher than for
outside ones. That’s why the excellent balance between statistics and analyzing power is needed.
This is now as a so-called figure-of-merit FOM which is a product of cross-section by the squared

hdEvsER9
i3 Entries 1172798 104 500001 o XXX
3 :

Entries 187900

40000
30000~
10°

200001~

10000~

AT TR J
80 285 200 205 300 305 310
E [MeV]

7300 ! 0%

350
E [MeV]

Figure 6: Left: AE vs. E the red box shows the elastic peak of the deuteron. Right: extracted one dimen-
sional histogram is shown for the event selection.
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analyzing power for the particular angle FOM(®) = 6,/(0) x A/%.
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The right frame (Fig.4.1) shows an online cross ration which is described in the equation 4.1 and is

CR(0) PA,(©) 4.1)

constructed to eliminate first-order systematic errors for the wrong beam and detector adjustments.
As a matter of fact, in all our measurements we always use a sequence of one unpolarized and two
vectors polarized (up, down) accelerator cycles.
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Figure 7: Online monitoring at 7; = 300MeV is shown. Left: The stacked histogram of left and right arms.
Each with 12 crystals, (4 x 3) where indexing corresponds to ®;,, (4° +10°) angle. Right: The blue bars
full cross ration, a combination of both polarized states. The red and pink bars the half cross rations, a
comparison of each polarized states to unpolarized cycles.

As it was mentioned above, one of the objectives of the polarimeter development is to explore
different target materials (isotopes). Figure 8 shows preliminary analyzing power for the incoming
deuteron kinetic energy extracted from the online cross ration measurements by normalizing on
average beam polarization of 40 4 10%. The absolute polarization values might be quite different
from the estimated one while the low energy polarimeter measurement has been done only at the
beginning and end of the run. But, during the measurement time, runs are taken sequentially
(the target is changed automatically after each run) the polarization value must be constant within
1% for each polarization state. The states are mostly entirely different, say 35% and 40%. This
figure (8) nicely demonstrates the difference between different materials for the same forward
elastic scattering. The laboratory polar angle is very similar to what final polarimeter will get.
In this experiments, we had a possibility to change the range by moving the platform upstream and
downstream. Importantly the carbon shows a very significant advantage over other target materials.
Whereas the silicon, tin, and aluminum could also be a very good choice. In this picture, the
magnesium results are not shown while the runs were taken little bit later, but from our experience,
it is very similar to aluminum and carbon as well. We have similar measurements for other energies
as well and all analyzing powers, differential cross sections for different targets will be published
soon.
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Figure 8: Preliminary online analysing powers at 7; = 270 MeV are shown as a function of module index.
Indexing of modules corresponds to ®;,, angles. NOTE: The absolute normalisation is very preliminary,

but the comparison between target materials is more valuable. All these measurements are consequent
runs within five hours of beam time. Here we can assume the beam polarisation and detector efficiency as

constant.
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